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The first paddock (Paddock S) was 24 hectares and had a 'standard' strongylid 96 larvae challenge (Flock S). Standard is defined as a typical pasture larvae challenge, 97 which confronted sheep placed in Paddock S, that had been grazed by pregnant ewes and 98 lambs the previous year (a common sheep production practice in Australia that contributes 99 to larval contamination of pasture). Merino ewes in this present study (n=390 ~6 years old) 100 grazed the paddock from February 2011 onwards (following joining/mating with Suffolk 101 rams). 102
The second paddock (Paddock L) was 18 hectares in area and not located directly 103 adjacent to Paddock S (~2km away). Paddock L was managed to minimise the natural 104 strongylid larvae challenge in 2011 (low natural strongylid larvae challenge). In 2009 this 105 paddock was used for cropping with a cereal grain (barley) and adult wethers grazed the 106 crop residues during November and December. In 2010, the paddock was left un-grazed 107 to allow pasture regeneration without livestock. In early July 2011, the flock grazing 108
Paddock S was split, whereby 180 of the 390 pregnant ewes on Paddock S were randomly 109 selected, treated with an anthelmintic (2.5mg monepantel/kg of live weight Monepantel, 110 Zolvix, Novartis Australia), administered according to the heaviest ewe live weight) and 111 introduced to Paddock L. 112 A c c e p t e d M a n u s c r i p t
Page 8 of 8 measured at all samplings. Faecal consistency score (FCS) was measured using a scale 146 of 1 (hard, dry pellet) to 5 (liquid/fluid diarrhoea), previously described (Greeff and 147 Karlsson, 1997; Le Jambre et al., 2007) . Faecal dry matter percentage (FDM%) was 148 measured on fresh faeces that had been stored in air tight containers for approximately 24 149 hours using methods described by the Association of Official Analytical Chemists (AOAC, 150 1997) . Breech fleece faecal soiling score was recorded at the final four samplings (prior to 151 crutching; removal of faecal soiled fleece from the breech area of lambs). Breech faecal 152 soiling was measured using a scale of 1 (no evidence of breech fleece faecal soiling) to 5 153 (very severe breech fleece faecal soiling extending down the hind legs to, or below the 154 hocks). A graphical illustration of these breech fleece faecal soiling scores is available in 155 the Australian Wool Industry's Visual Sheep Score booklet (Australian Wool Innovation et 156 al., 2007) . 157
Lambs were slaughtered at a commercial abattoir. Standard hot carcase weight 158 (HCW) was recorded for all lambs. Carcase fat score was recorded on a scale of 0 (very 159 lean) to 5 (excessively fat) (Hopkins, 1992) . 160
Lamb management and anthelmintic treatment 161
Lambs were treated with an anthelmintic (2mL/10kg of animal live weight [0.2mg 162 abamectin/kg of live weight] Paramectin Mineralised, Jurox, Australia, administered 163 according to the heaviest lamb live weight) following the third sampling (Table 1) . Lambs 164 were weaned from their mothers back onto their respective trial paddocks (S or L) also 165 after the third sampling. Approximately 100 g/head/day of a supplementary feed grain 166 mixture (comprising 35% lupins and 65% oats) was given to each lamb flock following 167 weaning. Lambs were shorn 14 days prior to the fourth sampling. Lambs were held off 168 feed overnight before being weighed and then transported to a commercial abattoir forA c c e p t e d M a n u s c r i p t Page 9 of 9
Faecal worm egg counts 171
Within 2 days of faecal collection, FWECs were performed using a modified 172
McMaster technique (Lyndal-Murphy, 1993) . Two grams of faeces were used from each 173 sample and each egg counted represented 50 eggs/g of faeces. An insufficient quantity of 174 faecal material was collected in some samples at the first sampling occasion and as a 175 result some FWEC data were missing for some animals at this sampling. Following 176 counting of strongylid worm eggs, a search for coccidia oocysts was conducted in one 177 quarter of a counting chamber to determine if the lamb/sheep were infected with Eimeria 178 (Lyndal-Murphy, 1993) . 179
Pasture collection and pasture larval counts 180
Pasture grazed from Paddocks S and L on the Frankland property was collected 181 from 200 sites at roughly equal distances along a W-shaped transect (Taylor, 1939; Martin 182 et al., 1990) . Four "plucks" of pasture were collected at each site from in front, behind, left 183 and right of the sampler. Duplicate pasture samples (two sets of four "plucks") were 184 collected at the sampling sites of both paddocks. Where possible, "plucks" did not include 185 roots, soil or faeces. Pasture was kept at 2-4 o C until processed. Pasture samples were 186 collected on nine different occasions (Table 3) . Pasture larval counts were conducted by 187
Animal Health Laboratories, at the Department of Agriculture and Food (Albany, Western 188 Australia) using the method described in the Animal Health Laboratory Research Methods 189 (Animal Health Laboratories, 2005) and modified according to a previous study (Martin et 190 al., 1990) . This technique detects all three strongylid nematode larval stages (L 1 , L 2 andM a n u s c r i p t
Page 10 of 10 A modified method was developed to detect and quantify different strongylid larvae 194 species recovered from pasture. This procedure involved collecting pasture/grass samples 195 as described in the 'pasture larvae counts' section (Taylor, 1939; Martin et al., 1990) . The 196 sample was emptied into a 300µm nylon cylindrical mesh bag and the top of the nylon bag 197 was then secured tightly using a cable tie. The bag was then placed inside the pasture 198 washer (Fig. 1 ) and a total of 60L of water (laboratory sourced) was added to the pasture 199 washer, along with 3g of Pyroneg detergent (Johnson Diversey, Manukau, New Zealand) . 200
The nylon bag had an internal steel frame with a T-piece handle at the top, which allowed 201 the sample to be gently agitated each hour for ~60 seconds. The submerged pasture 202 sample was soaked for 6 hours. 203
After soaking, the water was released using a ball valve situated at the bottom of 204 the washer. The water passed through 300mm of 100mm PVC pipe containing two 205 stainless steel sieves, with apertures of 75µm and 25µm, respectively. Once all the water 206 had been drained through the sieve, this 300mm bottom section of pipe holding the sieves 207 was removed and using a fine jet of distilled water, the material caught by the sieves was 208 washed into a 50mL centrifuge tube. The pasture washer was refilled and drained a 209 second time. The pipe holding the sieves was again removed, with the material caught 210 washed from the sieve using a fine jet of distilled water into the same 50mL centrifuge 211 tube. The 50mL centrifuge tube was then centrifuged at 1150 g for 15 minutes. The 212 supernatant was removed without disturbing the centrifuged pellet, which was separated 213 into 10 separate equal sub-samples in separate 1.5mL Eppendorf tubes. The 10 tubes 214 were centrifuged at 10000 g for 1 minute and any remaining fluid was removed following 215 M a n u s c r i p t
Page 11 of 11 A spike analysis was conducted, whereby pasture/grass samples were collected as 219 described in the 'pasture larvae counts' section (Taylor, 1939; Martin et al., 1990) from 220 areas without any grazing livestock. These samples were then spiked with known L 3 221 quantities (n = 8, 40, 80, 200, 400, 1000) 
Strongylid species qPCR amplification 240
The qPCR assays were conducted on a Rotor-Gene6000 Cycler (Qiagen, Hilden, The cycle number at which the fluorescence threshold was exceeded (C q ) for each 256 sample was established by setting threshold lines and calculating the intersection with 257 each of the sample curves (Bustin et al., 2009a; Bustin et al., 2009b; Taylor et al., 2010) . 258
Samples that crossed the threshold before 40 cycles were classified as positive. Positive 259 controls and negative controls (no DNA), were included in each run (Bustin et al., 2009a; 260 Bustin et al., 2009b) . 261
Using the modified Power Soil DNA Isolation Kit modified protocol (Sweeny et al., 262 2011b) , genomic DNA was extracted from 250-300 mg of pasture samples spiked with 263 known numbers of strongylid L 3 (n = 8, 40, 80, 200, 400, 1000) containing whole L 3 from 264 only one strongylid species (either T. colubriformis or T. circumcincta). DNA 265 concentrations were determined using the NanoDrop ND-1000 SpectrophotometerA c c e p t e d M a n u s c r i p t
Page 13 of 13 DNA/µL to 10,000, 1000, 100, 50, 10, 5, 2, 1 and 0.1 pg/µL to determine the minimum 268 amount of genomic DNA required for successful qPCR amplification. 269
PCR amplification from pasture and faecal samples 270
Pasture larval DNA extracts that were qPCR positive for any strongylid species 271 were re-screened using species-specific primers in conventional PCR assays (Bott et al., 272 2009) Lamb growth rate was expressed between sequential sampling occasions as both 318 grams gained/day (g gained/day) and percentage liveweight change between sampling 319 occasions (% gained/day). 320
Production (HCW, dressing percentage, fat score, live weight, growth rate and 321 BCS) and faecal (FCS, FDM% and breech fleece faecal soiling score) attributes were 322 normally distributed and the variances were not significantly different (Levene's test 323 P>0.05) so between-flock analyses for these parameters were performed using ANOVA. 324
The distribution of adjusted, log-transformed FWECs were non-normal and the variances 325 were significantly different, therefore adjusted FWECs from each flock were analysed 326 using a two-tailed non-parametric Mann-Whitney U test. 327 328
Results 329

Ewe and lamb internal parasite prevalences and epidemiology 330
All five strongylid species were detected in faecal samples collected from pregnant 331 ewes in both flocks (Table 3) . Flock S had higher T. circumcincta and Trichostrongylus 332 spp. prevalences than Flock L at both samplings; 2 weeks pre-partum and 4 weeks post-333 partum (P<0.001). Flock S had higher C. ovina and Oesophagostomum spp. prevalences FWECs than Flock L at both 2 weeks pre-partum and 4 weeks post-partum (P<0.001) 336 (Table 3) . 337
Strongylid parasite prevalences (detected by qPCR) for each lamb flock are 338 presented in Table 4 . Both overall prevalence and sampling prevalences are presented for 339 each strongylid species, with any significant differences between parasite prevalences 340 between flocks also displayed in this table. 341
Adjusted FWECs from each of the two lamb flocks are shown in Table 5 , with Flock 342 S having higher adjusted FWECs than Flock L at the first, second and final samplings. 343
The number of samplings that lambs from each flock tested qPCR positive for each 344 strongylid species are presented in Fig. 2 , with T. circumcincta and Trichostrongylus spp. 345 detected at the greatest number of samplings. The proportions of different strongylid 346 species numbers detected/lamb are displayed in Fig. 3 , with the highest number of 347 strongylid species/lambs observed at the third sampling for both farms. 348
Levels of agreement between qPCR and McMaster FWEC results 349
The correlation between log-transformed FWEC and qPCR C q values for lambs is 350 eggs/g) and qPCR negative. Following spiking of these sample extracts with 1 μL purified 361 DNA from each of the five strongylid species, the spiked DNA mixtures were screened by 362 qPCRs to test for inhibition. All qPCRs amplified in accordance with positive controls, 363
indicating that these samples did not contain co-purified PCR inhibitors. 364
A total of 84/1015 samples (8.3%) that were McMaster FWEC negative and qPCR 365 positive were re-screened, with the PCR products sequenced. The sequenced products T. 366 circumcincta (n = 50), T. colubriformis (n = 23), H. contortus (n = 7), C. ovina (n = 3) and 367
O. venulosum (n = 1) were 100% identical with GenBank reference sequences, confirming 368 the initial qPCR results. 369
Internal parasites identified from the environment 370
The pasture larval count results show that the total larvae/kg of pasture dry weight 371 was different between Flock S and L on each of the final six pasture sampling occasions 372 (P<0.05) ( Table 6 ). Trichostrongylus spp. and T. circumcincta were the strongylid species 373 most commonly detected by the qPCRs and also in the pasture larval counts. Nematodirus 374 spp. was detected at low levels from one pasture larval count from Paddock S on the July 375 sampling (Table 6 ). Nematodirus spp. was not screened for by a qPCR assay. 376
The minimum amount of genomic DNA required for successful qPCR amplification 377 of T. colubriformis or T. circumcincta spiked pasture samples were 0.1pg and 1 pg, 378 respectively. The qPCR results on genomic DNA extracted directly from material collected 379 by following the modified strongylid larvae identification procedure, are shown in Table 6 . 380 Trichostrongylus colubriformis (n=94), H. contortus (n=19) and C. ovina (n=7) were aligned 384 with reference sequences on GenBank and were 100% identical. 385
For Paddock S, T. circumcincta was detected by qPCR in 4/10 of the pasture sub-386 samples (July sampling) and H. contortus was identified by qPCR in 2/10 of the pasture 387 sub-samples (September sampling), despite these species not being observed in the 388 pasture larvae counts at the respective samplings (Table 6) . 389
Levels of agreement between strongylid qPCRs and pasture larval count results 390
When assessing strongylid species detection results for the spiked pasture samples 391 (spiked with known numbers of T. circumcincta or T. colubriformis L 3 ) in comparison with 392 the qPCR results, 12/120 (10.0%) of the sub-samples returned a negative qPCR result for 393 the detection of strongylid species. 394
The overall level of agreement between the field pasture larval counts and qPCR 395 results for detecting the presence of strongylid larval species on pasture was 0.67 ± 0.04 396 (P<0.001). A total of 46/310 (14.8%) sub-samples returned a negative qPCR result for the 397 detection of strongylid species when the pasture larval count returned a positive result 398 (larvae detected/kg of dry matter). 399
The average and range of C q values for each strongylid species detected from the 400 pasture sub-samples are displayed in Table 6 . The correlations between qPCR C q and 401 log-transformed pasture larval counts (both field and spiked samples) are illustrated in Fig.  402 5 for Trichostrongylus spp. and T. circumcincta. 403
Flock production performances 404
There were no significant differences between the average hot carcase weight andA c c e p t e d M a n u s c r i p t
Page 19 of 19 than that of Flock L (P=0.038) ( Table 7 ). There were no significant differences between the 407 average live weights of each flock at the five sampling occasions, except on the final 408 sampling occasion when Flock S had greater live weight than Flock L (P=0.048) ( Table 7) . 409
There were also no significant differences between the average growth rate (both 410 grams/day gained and percentage of previous sampling live weight gained) of each flock 411 at the five sampling occasions, except between the fourth and final samplings when Flock 412 S had greater growth rates than Flock L (P=0.033) ( Table 7 ). The average BCSs for each 413 lamb flock were not significantly different (Table 7) . 414
At both the first (P=0.029) and second (P=0.002) samplings, Flock S had FCSs 415~0
.3 higher than Flock L (Table 8) . At the second sampling, Flock S had FDM%s ~3.5% 416 lower than Flock L and breech fleece faecal soiling scores ~0.4 higher than Flock L 417 (P=0.001). 418
Discussion 419
An innovative, molecular qPCR diagnostic protocol was utilised to identify and 420 quantify those strongylid larvae species that were recovered from pastures. These results 421 were compared to the traditional pasture larval count procedure, with a moderate level of 422 agreement (67%) between pasture larval counts and qPCR diagnostics. Moreover, strong, 423 negative correlations (r 2 >0.91) between qPCR C q values (Trichostrongylus spp. and T. 424 circumcincta) and log-transformed pasture larval counts were observed (Fig. 5 ). 425
The moderate overall level of agreement observed between pasture larvae counts 426 and qPCR results was influence by ~15% of pasture sub-samples returning negative 427 qPCR results, when pasture larval counts detected strongylid larvae (Table 6 ). The 428 negative results were for low pasture larval counts (~200 -300 larvae/kg of dry matter).
M a n u s c r i p t
Page 20 of 20 extraction, requires further development and optimisation to improve the recovery rate of 431 strongylid larvae. At present, a total of 10 genomic DNA extractions would be necessary to 432 produce 10 genomic DNA sub-samples on the material recovered when using the modified 433 pasture larvae identification procedure. Despite molecular diagnostic procedures requiring 434 less labour and possessing greater diagnostic sensitivity, the cost-benefits of these 435 techniques are an important factor in determining their uptake by diagnostic laboratories 436 and also whether livestock enterprises will be willing to pay for them (Hunt, 2011) . 437
While there is potential for using molecular diagnostic procedures for measuring 438 larvae on pastures, there is little encouragement in the scientific literature that pasture 439 larvae counts are widely utilised as a diagnostic/predictive tool to aid grazing management 440 (Gettinby et al., 1985; Martin et al., 1990; Couvillion, 1993; Fine et al., 1993; Watson, 441 2007) . One limitation that pasture larval counts have, is the time involved. More 442 specifically, the traditional method is cumbersome and time consuming (7-10 days to 443 conduct), creating a time lapse between pasture collection and larvae recovery and 444 reducing the proportion of larvae recovered (Gettinby et al., 1985; Fine et al., 1993) . 445
Results using this modified molecular procedure were derived within 1½ days post-pasture 446 collection. Therefore this modified molecular identification method does offer an advantage 447 from a time perspective. By screening genomic DNA with qPCR assays, it reveals an 448 opportunity for high sample throughput and automation, with pasture collection from the 449 paddock the only remaining unwieldy task. Screening for a multiple variety of pathogens 450 (parasites, bacteria and viruses) is a future potential advancement of such a molecular 451 procedure as employed in this study. However the water source used to wash the pasture, 452 must be pathogen free, along with a modification of the identification procedure so it would 453 be capable of capturing pathogens that are transmitted in smaller infective stagesA c c e p t e d M a n u s c r i p t
Page 21 of 21 Furthermore, there are several different variations in the methodology used for 456 pasture larval counts, with some suggestions that low strongylid larvae challenges are 457 often underestimated (Martin et al., 1990; Couvillion, 1993) . The use of a 'tracer' sheep 458 method has the advantage whereby selected animals mimic similar grazing patterns of the 459 resident flock. However, high larval challenges have been reported to be underestimated 460 using this method (Dobson et al., 1990; Martin et al., 1990) . This can be exacerbated by 461 using animals which have a different immunity status to the target animals. These issues 462 are the main reasons why many diagnostic laboratories choose not to perform this 463 procedure. The qPCRs utilised in this study were capable of detecting between 0.1 and 464
1.0pg of genomic DNA from the T. colubriformis and T. circumcincta spiked pasture 465 samples respectively, which indicates greater sensitivity than in a previous study using 466 conventional PCR assays (Sweeny et al., 2012b) . 467
Pregnant ewes were introduced onto Paddock L after they were treated with an 468 effective anthelmintic (monepantel). Despite this, strongylid larvae contamination was 469 observed on this pasture. However, the contamination rate was slower and at a lower 470 level, when compared to contamination rates and levels experienced in Paddock S. 471
Potentially, the source of pasture contamination may have been due to hypobiotic larvae 472 that may have survived treatment, as H. contortus and T. circumcincta were detected in 473 lambs and on pastures from Paddock L, with both these strongylid species reported as 474 having the capability of arrested larval development (Gibbs, 1986) . 475
Previous conventional PCR studies had reported an overall high (>93%) level of 476 agreement between FWEC and PCR results in detecting patent strongylid infections in 477 faecal samples (Sweeny et al., 2012a; Sweeny et al., 2012b) . However in this present 478 study where qPCR assays were used, the overall level of agreement was moderate (77%)A c c e p t e d M a n u s c r i p t
Page 22 of 22 was a weak correlation (r 2 =0.25) between qPCR C q values and log-transformed, adjusted 481 FWEC (Fig. 4) , in addition to higher strongylid qPCR prevalence when compared to 482 strongylid FWEC prevalence (Table 4 ). This suggests that false positives were potentially 483 identified by qPCR, possibly due to non-patent strongylid DNA sources (larval tissues 484 passing through the sheep or rupture larval DNA from hypobiotic nodules) present in 485 genomic DNA extracts. Alternatively, qPCR may detect egg counts below the limit of 486 detection for the conventional test (50 epg), as shown by the sensitivity analysis 487 undertaken for pasture sampling. 488
After reviewing the production performance attributes (Tables 7 and 8) , there was 489 no significant difference in the HCWs between each flock (Table 7) . Notably, Flock L 490 lambs had greater dressing percentages than Flock S (Table 7) . Many factors impact lamb 491 production performances and although parasitism is one important factor, nutrition (quality 492 and quantity of feed), genetics, time of weaning, sex and the ratio of single to twin born 493 lambs, all impact very strongly on overall flock performance (Makarechian et al., 1978; 494 Arnold and Meyer, 1988; Coop and Sykes, 2002; Kahn et al., 2003; Kenyon et al., 2004; 495 Houdijk, 2008; Hatcher et al., 2009) . Lamb birth type (single or twin) was not recorded in 496 the present study because sheep were managed under extensive conditions that made 497 supervision of lambing and recording of birth type impractical. Despite a clear difference in 498 pasture larval challenge levels observed between the two flocks using both qPCR and 499 conventional pasture larval counts, it is difficult to draw conclusions from this data, with no 500 further replicates able to be conducted following this experiment 501 A c c e p t e d M a n u s c r i p t
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This study developed and tested an innovative method to identify and quantify 504 strongylid species recovered from pasture using qPCRs. The procedure had a moderate 505 level of agreement with pasture larval count results and a strong negative correlation was 506 observed between qPCR C q values and log-transformed pasture larval counts. However, 507 extensive optimisation and validation are both necessary before such a molecular method 508 can be utilised routinely by diagnostic laboratories or whether it can be conducted in-509 field/on-farm. Repeating this study with multiple replicate paddocks would allow a more in-510 depth assessment on the consequences of different levels of pasture larvae exposure 511 associated with reduced flock productivity. There is potential for livestock enterprises to 512 use the molecular procedures employed in this study for early detection of internal 513 parasites in their environment, to enhance their management, reduce their strongylid 514 morbidities, mortalities and to increase their profitability. 515
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The P values were derived from Mann -Whiney U non-parametric test for significance. A c c e p t e d M a n u s c r i p t
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